A quartz quasimonolith for absolute x-ray wavelength measurements
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We_have constructed a quasimonolithic crystal consisting of two offset, parallel-mounted quartz
(1010) crystals for determining the wavelengths of x-ray transitions on an absolute scale without the
need for reference lines. The design and organization of the quasimonolith crystal device, as well as
the determination of the relevant parameters and their corresponding uncertainties are discussed. A
calibration chain is established that enables linking any wavelength measurement directly to optical
wavelength standards and thus to Sl units. Our analysis shows that absolute wavelength
measurements with an uncertainty of one part per million are in principle possible with the device.
Implementation of the quartz quasimonolith in a high-resolution vacuum spectrometer used to study
x-ray line emission from an electron beam ion trap is described. 1987 American Institute of
Physics[S0034-674807)04910-1

I. INTRODUCTION device is required. As in the original setup described by
Wavelengths of spectral lines in the x-ray region haVeUhIer and Cooksey, the wavelength can be determined from

traditionally been determined by comparison with tabulatecfhe separatlom'\ of the two images of Fhe speptral line reg-
reference lines, i.e., it is essential to know the positions ofStered on a single detector surface, if the distance between

one or more reference lines in the observed spectral rang8® reflecting crystal platds and the lattice spacing of the

and moreover to know them in SI units to be able to deterSTyStal are known.

mine the spectral line position also in S units. In the last A quasimonolithic crystal setup was used experimentally
decadés), great efforts have been made in the National In-" 191910 to measure wavelengths of Iase_r-produced emission
stitute of Standards and Technolog§USA) and the lines:~ Very high wavelength accuracies were achieved.
Physikalisch-Technische Bundesanst@érmany for an ap- ~ However, some of the measured wavelengths were found to
solute calibration of the lattice constants of silicon crystals tglisagree well outside the cited error limits with subsequent
optical standardésee, for example, Ref. 1 for a revipas a measurement¥. The disagreement may have been caused by
prerequisite for the determination of the absolute waveSystematic, source-induced errors that were not accounted
lengths of somey-ray reference linésand a few x-ray ref- for, such as line blending, Doppler shifts due to bulk plasma
erence line$* by x-ray diffraction. The use of such standards motion, or satellite shifts, which can affect measurements of
has resulted, for example, in accurate wavelength measurkaser-produced spectra. A clear, well documented analysis of
ments of x-ray transitons on heavy-ion acceleratorthe properties of the quasimonolithic crystal, however, is
facilities®~” and tokamaké. also needed to understand the possible systematic uncertain-
More than 80 years ago, Uhler and Cookseyggested a  ties arising from the use of this device. We present such a
method for the measurement of wavelengths, which avoids gocumentation and characterize the monolith with the high-
comparison with reference lines and allows a direct determiest possible accuracy. Moreover, we describe its implemen-
nation of the wavelengths provided the crystal spacing igation on an electron beam ion tré@BIT). The EBIT source
otherwise established. This method involved a fixed crystals very well suited for precision x-ray spectroscopy because
position and a movable film mounting, the latter of which the source is stationary, spatially narrow, operates in the low-
being shifted by a defined distance between two exposuregpllisional limit, and produces highly charged ions with very
with a continuous x-ray source. The corresponding shift below ion temperaturé?'4
tween the two images of the spectral line on the film plate is  The use of a quasimonolithic crystal enhances the utility
characteristic for each wavelength and a determination of thef the EBIT source for wavelength measurements by extend-
wavelength without using a reference line is possible. Refering the regime over which such measurements can be made.
ence lines are, however, often used in the determination ofo our knowledge, external x-ray standards have not yet
the lattice spacing needed for this approgste Sec. Il . been successfully implemented on the EBIT source, although
The above setup is not appropriate for x-ray flashsome attempts are underw&yThe reason is the difficulty to
sources, and a modification was proposed bistevet al}®  position the external x-ray source in exactly the same place
in 1983. The need for two film positions is avoided by theas EBIT and to ensure that the external source fills the spec-
use of a crystal monolitlicf. Fig. 1) consisting of two par- trometer optics in precisely the same way as the internally
allel crystal plates, which create the effect of two offset specgenerated radiation from the highly charged ions under in-
tra in a single exposure. No movement of any part of thevestigation. External x-ray standards have, therefore, only
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FIG. 1. Basic setup of the quartz quasimonolith.
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been used to establish the dispersidbut not the absolute
Wavelength scale. Wavelength mea_sureme_nts performed USiG. 2. Schematic of the quasimonolithic setup, showing two possible de-
ing the EBIT source so far have relied on internally gener+ector arrangements.
ated reference line@.g., Ref. 12 and 17 For this purpose,
internal reference lines from hydrogenic or heliumlike ions ) o o )
have been employed, the wavelength of which was given ifmined, in principle, allows a Wg\{elength determination with
most cases by modern atomic structure calculatiéi&un- ~ @n accuracy of one part per million.
certainties in the case of the heliumlike reference lines are
indicated by comparison of the theoretical reference values
with measured valuesee, for example, Ref. 2@s well as  Il. ANALYSIS OF THE QUASIMONOLITHIC CRYSTAL
with new calculation® of improved two-electron quantum SETUP
electrodynamical contributions. These uncertainties limit the o
accuracy that can be achieved with internal heliumlike refer- . From th? source, x rays of the wavelengtare incident
ence lines to 10° or worse. The theoretical values of the with a certain angléd upon the crystal plates P1 and R2

hydrogenic reference lines are thought to be known WithFig. 1) and are re_flec.:ted whe fulfills the corrected form of
higher accuracy; but using the calculated values of hydroEhe Bragg equation:

genic lines as reference standards precludes the possibility of . o(N\)

testing the accuracy of such calculations. The use of a quasi- A= 2d( sin®— m) : )
monolithic crystal, in principle, enables measurements with
an accuracy near 16 provided the accuracy of the determi-

nation of the lattice spacing is better than this vakrhich is ) ) s A
fulfilled for our measurements, see Sec. Il Bnd large Crystal from unity.&(\) is typically of the order from 10" to

Bragg angles near 90° are uskte Sec. Il, Eqs(12) and 103, The x rays reflected from crystal plates P1 and P2 are
(14)]. This arrangement allows the wavelength measuremenpen recorded on the detecto.r surfac_e, where the separation
of hydrogenic transitions important for testing the accuracyPf the crystal plates results in a shift between the two

of quantum electrodynamical calculations of one-electrorfMages of a spectral line.

ions. Moreover, wavelength measurements with quasimono- 1 WO detector placements are shown in Fig. 2. The dif-
lithic crystals are not limited to lines that are close to appro-érences arise from the angular position of the detector. In

priate hydrogenic or heliumlike reference lines. The proxim-the first, the detector face is placed parallel to the crystal

ity to appropriate reference lines is thus no longer asgrfaces; in the _secqnd, the detector face is oriented perpen-

requirement for accurate wavelength determinations. dlcular_ to the dlrectlon_ of_ the reflecte_d X rays. The latter
According to the Bragg equation, a wavelength can besetup_ is negded to avoid line broadening due to parallax ef-

determined with high precision if the Bragg angle can pefects in a thick detectqr. The unknown wavelengitban be

measured with high precisianeglecting a manyfold of nec- valuated from the shift of the spectrum as follows.

essary correctionsand the lattice constant of the crystal is  For the detectotfilm) parallel to P1 and P2, it follows

known with an equally high precision. By determining the that

lattice parameter of the spectrometer crysjain Sl units 1

(see Sec. lll D, a direct calibration of the spectrometer is cot®= T (2

achieved and a direct and absolute measurement of the wave-

length is possible. The accuracy of the wavelength measurdé=rom Eqgs.(1) and(2),

ments is determined by the precision obtained in determining 1 A
the monolith parameteis andd. In the following, we dem- - s —— ) S B 11+ 1) ) 3

A=2d 5 —
onstrate a measurementlofvithin 1 wm and ofd within 0.5 /1+ ﬁ 2L
fm. The accuracy with which these parameters are deter- 2L
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The correction factof(\) is dependent upok and takes
into account the deviation of the x-ray refraction index in the




For the detector perpendicular to the incoming x-ray 20

beam, e.g., electronic detector in @20 spectrometric ' ' ' ' l ' l
. ——AA,=10pum
setup, it follows that e AA = 20 um
--------- AA, = 40
0= 122 4 -
cosO= -, (4) .
o
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where it can be seen that, g T
< Tl
A,=A, sin® 5
so that in this case,
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1- i FIG. 3. Calculated resolutioAN/\ of the quasimonolithic crystal setup as

a function of the Bragg angle for different values of the uncertaisyin

the determination of the line separation. The detector is assumed to be
The quasimonolithic arrangement is optimized for theperpendicular to the incident beam.

wavelengths near thed?value of 0.85 nm. Within this re-
gion, which is far from any absorption edge of quartz, a

linear approximation of the dependence of the correction fac- Ap\?
tor 6 upon wavelength can be found, thereby simplifying the Ad 2L AA,| |AL
analysis of the measurement =g A A~ T (11)
1 1
[l
Using the reference data from Henkeal? for the wave- Ad AA,| |AL
length dependent atomic scattering factors, we calculated =g +co¢ ®[ L T} (12
1

5,=6x10"*nm™! and §,=—2.61x10" %, where the lin-
earization error AN/\)~2.2x10" 7 is negligible in the

wavelength range 0.20A<0.85 nm. After combining Egs. and likewise for a perpendicular-to-incident-beam s¢tge

(6) and(7), A can be expressed as, Eq. (0)]:
A,\2 (
1=150) ~% . AN HAAZ\ ‘ } 13
A= .
AT ® % (())M
2d Nt L) T
Equation (8) is derived under the assumption that the Ad AAz
lattice planes of the crystal plates P1 and P2 are parallel to ‘ d +cot? © } (14
each other. However, if during the manufacturing of the
monolith, the misorientation angler between the lattice ,
planes in both crystal plates is not equal to zero, @gis Consequently, the accuracy of the wavelength determi-
replaced by nation is directly proportional to the accuracy of the lattice

spacingAd. The accuracy of the measurement’qf, andL

A, is weighted by the Bragg angt®. The latter dependence was
cot(®@—a)+col®+a)= - (9 illustrated in Ref.11 for the parallel setup. It is illustrated in
Fig. 3 for the setup in which the detector is perpendicular to
and Eq.(4) is replaced by the incident beam. Heré\\/\ is shown for three represen-
tative values ofAA, (AA,=10, 20, and 4Qum) for Bragg
sin(® + a) A, angles in the range from 70° to 90° and assuming a crystal
“cosq  LCOU®—a)Fcot®@+a)]=-. (10 spacingL=32.5mm corresponding to the spacing in our

quasimonolithic crystal. The effect of the err&A, on the

Other possible origins of errors not taken into account inprecision of the wavelength determination is rapidly decreas-
Egs.(9) and(10) include: slightly different lattice spacings  ing for A —2d, i.e., for® —90° and larged should be used
in the two crystals and small deformations or curvatures ofor optimal measurement accuracy. For example, an accu-
the crystal plates due to the stresses resulting from theacy of 10 um in the measurement &, corresponds to a
mounting of the quartz plates to the spacer. Assumirig ~ wavelength precision di\/\ =2x 10" ° at a Bragg angle of
negligible, the erroA\/\ for a parallel setugsee Eq.(3)] 82.5° and to a precision of 710 ° at a Bragg angle of
can be expressed as follows: 87.5°.
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IIl. EXPERIMENTAL CHARACTERIZATION OF THE
QUASIMONOLITH

The main advantage of a quasimonolithic setup over a
true monolithic setup is the higher degree of freedom for
choosing the geometry of the overall setup. Furthermore,
each crystal plate can be independently selected for high
crystal perfection and independently prepared and character
ized for optimum performance. The main difficulty in setting
up a quasimonolithic device arises in establishing a preciselG. 4. Interferrometric image showing the precision of the mounting of the
connection between the two crystal plates. two crystal surfaces in relationship to one another.

The actual setup of the quasimonolith shown schemati-

cally in Fig. 2 is as follows. Two quartz plates P1 and P2 The interpretation of the interferrograms allows the cal-
(surface orientation 1@ with the dimensions 4820  cyjation of the distortion for both crystals in theandy

X 2.5 mm are mounted onto each side of a quartz glasgjirections independently. The results reveal that the quartz
spacer. The faces of this spa¢kength 30 mm, cross section pjates are slightly warped and share a common center of
10x15 mnf) are highly flat and highly parallel (deviation ¢nature in the vicinity of the glass spacer. The maximum
<0.5 arcsec) to each other. The quartz plates are fixed to thgsiortion is seen at the corners of the quartz plates, where
spacer by optical contact with a horizontal displacement ofy ;<200 nm andA z< 160 nm, for the front and back plates,
15 mm to allow a larger variation of the angle of incidence. egpeciively. For x-ray applications, this amount of curvature
The vertical displacement is 4 mm to allow a simultaneousy the surfaces is negligible. The interferrograms also reveal
illumination of both crystal platessee Fig. 1. Precise deter- he it of the crystal surfaces to each ottiEfg. 4). The tilt
minations of the parameters relevant for accurate wavelengty e x (vertica) direction is 10; however, more impor-

measurements are presented below. tantly, the tilt in thez (horizonta) direction is very small,
A. Determination of the distance between the quartz <0.5".
plates

In order to measure the distantebetween the quartz
plates, the three-coordinate measuring machine, UPMC g5@. Determination of the misorientation of the lattice
by Carl Zeiss, was employed with an achievable accuracy df/anes between the two quartz plates
0.1 um. A survey of the flatness of the crystal surface and  The validity of Eq.(13) requires that the angle formed
the mutual position of both crystal plates is possible using detween the lattice planes of both quartz crystals be small,
grid of measurement points on both plates. Xrendy axes  specifically a<10' if a measurement accuracfr/A<5
of the coordinate system measure the height and width of the 1076 is desired in the wavelength range between 0.60 and
crystal, while thez axis measures the depth, i.e., the direction0.85 nm. This condition imposes difficulties. To measure an
between the crystal plates. The reproducibility of the meaangle with this precision, the measurement of the misorien-
surements was tested by conducting multiple scans of thgtion of every plate must allow for a maximum uncertainty
object and showed in all directions a maximum deviation ofof Aa<5’. These stringent requirements were met using a
less than 0.2um, i.e., the shape of the crystal surfaces can b&ombination of optical autocollimator and x-ray diffracto-
determined with an accuracy better than @s. No devia- meter. The high-performance autocollimation microscope
tions of the flatness and the mutual parallelity of the twoused in the optical adjustment allowed an alignment preci-
crystal plates are detectable within this limit. sion of better than 20of the crystal surface normal. The

The average distandewas determined from these mea- x-ray diffractometer used a two-circle goniometer as a basis.
surements to be (32 4841) um. During the measurement, The quartz quasimonolith was mounted in a special holder
a temperature of 292.8 K was maintained to minimize thethat made it possible to measure the absolute tilts for both
influence of the thermal expansion of the quartz glass spacegrystal plates. The reflection 10ivas studied using CK a;

The thermal expansion coefficient of quartz glass is 5.kadiation (A =0.154 059 3 nm, Bragg angl®g=10.429.

X 10~ 7 K~1.% Temperature fluctuations smaller than 10 K The divergence was limited ts 2’ by employing a collima-
from the standard temperatur€=293 K result in an ex- tor 350 mm long and a slit with an entrance width of 0.2 mm.
pansionAL<0.2 um which may be neglected compared to For each of the quartz plates, the following test procedure
the accuracy of the measurementX um). was applied.

First, the surface of the crystal plate was adjusted opti-
cally perpendicular to an axis parallel to the surface normal
(axisA) with the aid of the autocollimation microscope. Sec-
ond, the crystal was adjusted for the Bragg reflection with

Investigations of the form of the functional surfaces us-the x-ray diffractometer. The angle of incidenoéd) of the
ing optical interferrometric methods were made. A Michel-x rays for the Bragg reflection was monitored during a full
son interferrometer was employed to test the parallel mountrotation of the crystal around axid (azimuthal angled),
ing of the quartz plates, where a He—Ne laser \at and the maximunw,, and minimume,;,, values were de-
=0.633um serves as a light source. termined. The tilt between the lattice planes and the crystal

B. Optical interferrometric analysis of the form and
parallel positioning of the quartz surfaces
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X TABLE I. Summary of the crystal parameters determined at 293.0 K. Un-

z
. e Wl certainties reflect 95% confidence limits.
lattice plane --F--

surface (k‘ i EEES = y Quantity Measured value Uncertainty

component of tilt about the x axis AR A T ; L 32494pm x1pm

or = 0757 a 0.3 +20"
x d 0.425 295 6 nm +5x10"7 nm

| crystal P 2

D. Determination of the lattice plane spacing

As already mentioned in the introduction, the measure-
@ =30° ment of an absolute wavelength requires that the lattice plane
spacingd is measured on the Sl scale. The standard method
crystal P 1 of determiningd by x-ray diffraction with x-ray wavelengths
as “length standards” until recently had limited the achiev-
X able accuracy to only a few parts in 19 i.e., to the accu-
lattice plane === y racy of the conversion between x-ray units and Sl urfits.
<L Recent measurements using a combination of coupled optical
LY Y AR LY and x-ray interferrometry allowed the determination of the
surface DT T y lattice parameter of a silicon crystal in the metric scale with
an accuracy of X107 8.2° Such an absolutely calibrated
component of fit about the x axis crystal can then be used in turn to determine the wavelength
ox = 0.45 of an x-ray standard, for example, the wavelength of the
* characteristic radiation from a x-ray tube. This x-ray stan-
FIG. 5. Schematic showing the misorientatierbetween the lattice planes Qard (_:an then. be used for a measurement of the lattice spac-
of the two crystal plates. ing d in Sl units of any other crystal.
Using this calibration chain, we have determingdf
our quartz crystals on an absolute scale. Starting with an
absolutely calibrated SiL11) crystal from the Physikalisch—
Technische Bundesanstéftermany, a determination of the
O max— @min absolute wavelength of the Fex; radiation has been made
= (15» . . . . o 26
2 : at the Friedrich—Schiller Universit®® The measurement
o ) ) _ yielded a wavelength ofh=(0.193 604 ¥ 1x10 ’) nm.
The direction of the maximum tilt of the lattice planes to the-l-hiS enabled us to use the Rev. radiation as a reference
crystal surface corresponded to the direction of the incidengtandard for determining the Iat}[ice spacidf the quartz
beams(determined byb pay andq)_min'_ respectively. guasimonolith. The determination of the lattice spacing of
The accuracy for the determination of the extreme valueg, quartz(1010) planes were performed employing the
@max @nd wpip Was<0.005°(0.3), given by the mechanical  gqny method’ and using the high-precision single crystal
precision of the goniometer. Taking into account the totalyittractometer JARD at the Friedrich—Schiller Universia
possible measurement error involved in the optical adjustry;s instrument is of high mechanical stability: it achieved a
ment of the crystal surface, the angle between the Iatt'c?nean total angle dividing error of 0.12nd a minimum step
planes and the crystal surface could be measured with aidth of 0.08. The reflection 40@ (i.e., fourth order of
| . , .06, .e.,
uncertainty ofd a* <0.6'. _ Bragg reflection was used for the measurement. The results
For both crystal plates, the tilt was greatest for an anglgyere corrected for instrumental factors and temperdfure.
@ max OF about 30° to thec axis. The orientation is shown in The lattice spacing of each quartz plate of the quasimo-
Fig. 5 in relation to the coordinate system of the quasimonoy, i, \was determined to bedyge=(0.425 495 &5
lithic setup. Ihe ab,solute measured tiliS~0.9' for crys- X 10" ") nm for the standard measuring conditions at 293.15
tal P1 anda™~1.5 for crystal P2. Only thex-component " Thig vajue represents the mean of 20 independent mea-

" e . O
ay of a*, i.e., the component in the diffraction plane, hasg .ements on each crystal plate. The thermal expansion co-
practical relevance for the precision of the quasimonolith

: ) efficient of quartz is 1.3% 10 ° K~ for any direction per-
(see Fig. 5. These components amount & ~0.45 for odicylar to the crystallographic axis® The value ofd

* ! H
crystal P1 andy, ~0.75 for crystal P2, and correspondingly ,,s changes significant(jn relation to the desired precision
the tilt between the lattice planes of the crystals P1 and Pg¢ wavelength measuremeior temperatures that differ
plates relative to another is the difference of these two valby 1 K or more from the standard temperature, and appro-

~ / . . .
ues,a,~0.3". _ priate corrections must be taken into account.
The measured values of the tilts are near the accuracy

limits of the instrument. They are much smaller than theo-E S fth
retical value 10 to achieve the desired resolution &/ - Summary of the measurements

<5x10 ® and the lattice plane misorientation can be ne- A summary of the measured parameters of the quartz
glected in the analysis of any wavelength measurements. quasimonolith is given in Table I. According to Eq4.2)

.......

JRU

-

surface for each crystal plate® (see Fig. $was found from
the relationship,
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and (14), the accuracy ofl allows a wavelength determina- —

tion within one part per million or X 10~ °. By contrast, the 254 . 4
relative accuracy of is only 3x 10 °. Because the uncer- ] ?:Iagfl;:e
tainty in L is multiplied by a co$0 or cof O term, this does 204 _
not limit the accuracy of a wavelength determination pro-
vided the Bragg angle of the measurement is 80° or Iarger.g 15 i
For ©=80°, the weighted uncertainty is less than 1 3
X108, i.e., less than the uncertainty @f Finally, the value 9;
of a is sufficiently small to add a negligible amount to the @ 107 7
measurement uncertainty. £

5+ 4
IV. IMPLEMENTATION ON AN ELECTRON BEAM ION T
TRAP 0- J

A crystal quasimonolith is well suited for implementa-
tion on an EBIT device. The reason is that the electron beam
configuration of an EBIT represents a line source with a
width close to what one would choose for the entrance slit of . 6. spectrum of the @,,2p° 3py1,),-1— (252 2p),_, transition in
a flat-crystal spectrometdt.The x-ray emitting region in an neonlike G&* measured with the quartz quasimonolith and best fit using
EBIT is determined by the 6@m width of the electron beam Voigt profiles. The position sensitive detector was calibrated in a separate
and the 2 cm length of the trap. A separate entrance slit jmeasurement using a movable slit. One channel corresponds to 0.081 mm.
therefore not necessary.

A slitless configuration was successfully used in severaplacement was determined by fitting each image with a Voigt
high-resolution crystal spectrometers on the Livermoreprofile. The Voigt profile fit is shown in Fig. 6. The fit pro-
EBIT,>~*3including a very high-resolution flat-crystal spec- cedure used the weighted least squares method. The fit con-
trometer for the soft x-ray regioif. To test the performance siderably aided in a precise determination of the peak posi-
of the quartz quasimonolith on an EBIT source, it was em-ion. This is especially important because the count rate on
ployed in the latter spectrometer. Designed for measuringn EBIT source is generally small. We were able to deter-
low-energy x rays at large Bragg angles, this spectrometamine the centerposition of each line to within 1fn. This
operatedn vacuoand used a position-sensitive gas propor-corresponds to about 7% of the spatial full width at half-
tional counter with a 4«m-thin polypropylene window for maximum of each line on the detector, resulting in
recording®* The face of the detector was arranged perpenAA,/A,~0.01. The error involved with the evaluation of the
dicular to the incoming x rays, corresponding to detectordistances between the peaks thus typically contributes the
position 2 in Fig. 2. This geometry avoided line broadeningmost to the overall uncertainty.
caused by parallax in the 1-cm-deep detector. Having determined the separation of the two images, the

Because the quasimonolith performs best for large Braggvavelength of the (&, 2p® 3p1/5) ;- 1— (25 2p%) ;. tran-
angles, i.e., for x-ray lines with wavelength close to twice thesition in neonlike G&* was calculated according to E@®).
lattice spacing of the crystal, we chose to look at theTwo important corrections must be considered:

(2512 2p° 3p1/0) 3= 1— (252 2p®) ;_, transition in neonlike

Ge?*. This transition had been measured before on EBI
relative to other x-ray lines yielding in a wavelength of about
0.842 13 nnt? This wavelength was close to our measured d e ue that i Al i
value of 21=0.850 591 2(10) nm for the quartz plates of the would result in a value that Is systematically too small.

. . . The difference is about 2x 10”4 nm in this case.
guasimonolith. The corresponding Bragg angle of our mea- .
o (2) The value ofd must be adjusted to reflect the value
surement was thus close to 82°.

Germanium was injected into EBIT and sequentially appropriate for the temperature of the measurement. The

I . : . : . temperature of the crystal was determined to be 298.2 K
ionized to the neonlike charge state in the interaction with a . .
: and was monitored with an accuracy of 0.1 K. By con-
65 mMA, 2.0 keV electron beam. The energy is well above the : .
. o L trast, the value ofl is valid for a temperature of 293.15
880 eV required to ionize sodiumlike &¢, and well below K (standard measurement conditipnghe value ofd
the 2179 eV required to ionize neonlike & The resulting

. . : ; appropriate for the conditions of the measurement was
charge balance achieved in EBIT is thus overwhelmingly : ; -
> . n determined from the temperature expansion coefficient
dominated by neonlike G&".

of quartz, which equals 1.3710 ° K1 for any direc-
The spectrum of the (£,,2p°3p1n)i—1— : . R
(2s? 2p®);_,, transition in G&** obtained during a 51/2 h tion perpendicular to the crystallograplicaxis.

period is shown in Fig. 6. The two images of the’&eline From the data in Fig. 6 we determine a wavelength of
shifted in relation to one another due to the diffraction at theD.8422 nm for the Ge line. The uncertainty of the measure-
two crystal plates of the monolith are clearly seen in thement is=0.0002 nm with a 68% confidence limit, or a rela-
figure. tive accuracy of %10 4. This is much less than the accu-
In accordance with Eq(8), the wavelength of the line racy achievable based on the accuracy of the crystal
depends on the displacement of the two images. The diparameters listed in Table I. The present uncertainty is com-

T v T ¥ T T L] T T T T T T
700 800 900 1000 1100 1200 1300
channel humber

_r(l) The calculation was done iteratively in order to correct
exactly for the refraction, which is wavelength depen-
dent. Disregarding the refraction correction generally
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pletely dominated by the uncertainty with which the separa-*G. Hazer, M. Fritsch, M. Deutsch, J. Havig, and E. Fester, Phys. Rev.
tion of the two images could be determined, which in this A (in press. _ .
particular example is mainly determined by the low counting g{-ep' '523”5% '\é"SZTE"‘l";gg'e“ P. Indelicato, R. Marrus, and H. Gould, Phys.
.. . . V. el08 .
tsizitlsm“gzg,l?e,dthveallﬁ\év zz?;:israf‘zvérlghbol;gtg Ietﬁz ?/C;iﬂreatng. F. Beyer, R. D. Deslattes, F. Folkmann, and R. E. LaVilla, J. Phys. B
18, 207(1985.
0.8423+0.0003 nm reported by Boiket al®® and to the  7H. F. Beyer, P. Indelicato, K. D. Finlayson, D. Liesen, and R. D. Des-
value of 0.842%0.0005 nm reported by Gordeet al,* as ~lattes, Phys. Rev. 43, 223(199. _
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